Spermatogonial stem cells (SSCs) maintain spermatogenesis throughout adulthood through balanced self-renewal and differentiation, yet the regulatory logic of these fate decisions is poorly understood. The transcription factors Sal-like 4 (SALL4) and promyelocytic leukemia zinc finger (PLZF; also known as ZBTB16) are known to be required for normal SSC function, but their targets are largely unknown. ChIP-seq in mouse THY1
INTRODUCTION
Spermatogonial stem cells (SSCs) are undifferentiated male germ cells that sustain the spermatogenic lineage throughout adult life through balanced self-renewal and differentiation at the population level. In rodents, SSCs can be identified in whole-mount preparations of testicular seminiferous tubules [initially described by Clermont and Bustos-Obregon (1968) ] as isolated A single spermatogonia. These A single SSCs are present on the basement membrane of seminiferous tubules and can be distinguished from committed, transit-amplifying progenitor spermatogonia that remain connected by intercellular cytoplasmic bridges (some A paired and A aligned chains of 4-16 cells). Progenitor spermatogonia are defined as undifferentiated spermatogonia that are committed to differentiate and thereafter undergo a finite number of self-renewing divisions. Each division of an A single SSC proceeds through an A paired state, and thus every clone of A paired spermatogonia has two potential developmental fates: (1) complete cytokinesis and self-renew to produce two new A singles ; or (2) remain as a clone and produce an A aligned-4 chain of progenitors at the next mitosis (de Rooij and Grootegoed, 1998; Tegelenbosch and de Rooij, 1993) . Disruption to the balance between these fate choices, leading to excessive SSC differentiation or self-renewal, impedes spermatogenesis by either depleting the stem cell pool or failing to produce differentiating germ cells to support spermatogenesis, respectively (de Rooij and Grootegoed, 1998) .
Although the mechanisms that underlie and control SSC fate decisions are poorly understood, insights into the players could potentially be gleaned from knowledge of their molecular signature and distinguishing features. However, this has proven to be a difficult undertaking because SSCs are extremely rare [∼3000 per adult testis based on transplantation (Nagano, 2003) ] and cannot be recognized prospectively in any species (Valli et al., 2015) . SSCs, however, can be identified retrospectively by their ability to produce and maintain spermatogenesis in a functional transplantation assay that was initially described by Brinster and colleagues (Brinster and Avarbock, 1994; Brinster and Zimmermann, 1994) . Indeed, SSC transplantation combined with cell sorting, in vitro gene knockdown, and gene knockout approaches have enabled systematic characterization of the phenotype of mouse SSCs (Aloisio et al., 2014; Buaas et al., 2004; Buageaw et al., 2005; Chan et al., 2014; Costoya et al., 2004; Kanatsu-Shinohara et al., 2014 Kubota et al., 2003; Oatley et al., 2011; Shinohara et al., 1999 Shinohara et al., , 2000 Tokuda et al., 2007; Yang et al., 2013a,b) . Moreover, gene knockout studies have been used extensively to demonstrate loss of spermatogenesis following loss of specific gene products and have often been coupled with lineage tracing to demonstrate expression of gene products in SSCs in vivo (Agbor et al., 2013; Aloisio et al., 2014; Ballow et al., 2006; Buaas et al., 2004; Costoya et al., 2004; Falender et al., 2005; Goertz et al., 2011; Greenbaum et al., 2006; Hobbs et al., 2012; Hu et al., 2013; Kanatsu-Shinohara et al., 2014; Lovasco et al., 2015; Meng et al., 2000; Nakagawa et al., 2007; Oatley et al., 2011; Raverot et al., 2005; Schlesser et al., 2008; Suzuki et al., 2012; Yang et al., 2013a; Yoshida et al., 2007 Yoshida et al., , 2004 . A majority of the gene products examined that are required for undifferentiated spermatogonial function are involved in transcriptional regulation [e.g. PLZF (ZBTB16) and SALL4], and thus might execute important regulatory circuits that control SSC fate.
Knockout studies for both PLZF and SALL4 have confirmed that they are essential for the proper control of SSC fate. Loss of PLZF results in progressive depletion of SSCs after the first wave of spermatogenesis leading to eventual spermatogenic arrest, apparently the result of a shift in the balance in SSC fate away from self-renewal and towards differentiation (Buaas et al., 2004; Costoya et al., 2004) . Knockout of Sall4 causes embryonic death close to the time of implantation (Sakaki-Yumoto et al., 2006) , but conditional Sall4 deletion with Vasa-Cre led to spermatogenic deficiencies consistent with defects in both the maintenance and differentiation in SSCs (Hobbs et al., 2012) . Thus, PLZF and SALL4, which have expression patterns primarily restricted to SSCs and progenitor spermatogonia and which are required for ongoing spermatogenesis, are likely to execute transcriptional programs that are crucial for SSC self-renewal and/or differentiation. Identifying the repertoire of target genes regulated by the PLZF and SALL4 transcription factors in spermatogonia will help elucidate their mechanistic relationship with the control of SSC fate. In the present study, we identified the genomic targets of mouse PLZF and SALL4 in undifferentiated spermatogonia, which provides an important resource for uncovering the mechanisms regulating SSC and progenitor spermatogonia fate and function.
RESULTS

PLZF and SALL4 bind thousands of genomic sites in undifferentiated spermatogonia
In order to identify the target gene repertoires of PLZF and SALL4 in mouse spermatogonia we performed ChIP-seq using primary cultures of THY1 + spermatogonia, which are enriched for SSCs but also contain daughter progenitor spermatogonia (KanatsuShinohara et al., 2005; Kubota et al., 2004; . THY1 + spermatogonia lie atop STO feeder cells and nearly all spermatogonia in these cultures expressed endogenous PLZF and SALL4 (Fig. S1 ). ChIP-qPCR for elongation phase-specific RNA polymerase II (CTD phospho-Ser2) demonstrated enrichment of the first introns of Actb and Gapdh compared with a nonexpressed genomic region (Untr6) (Fig. S2A) , confirming the suitability of chromatin from these cells for ChIP-seq.
ChIP-seq for SALL4 and PLZF revealed thousands of putative binding sites, and to focus on the most biologically informative sites downstream analyses were limited to only those sites observed in all three biological replicates (Tables S1 and S2 ). Pairwise comparisons of peak heights demonstrated strong correlation among PLZF and SALL4 samples, respectively, but much lower correlation between PLZF and SALL4 samples (Fig. S3) , demonstrating factor specificity to the binding site profiles. The correlation was somewhat lower between SALL4 sample 3 and the other two SALL4 samples (SALL4 samples 1 and 2), but excluding this replicate did not significantly change the results of subsequent analyses (data not shown). PLZF bound 3075 sites and SALL4 bound 3490 sites, including subsets that were unique to each transcription factor (658 PLZF and 675 SALL4) and 1116 that were shared (Fig. 1, Table S2 ), consistent with previous observations that PLZF and SALL4 physically interact (Hobbs et al., 2012) . For example, binding to the Tex13 promoter was unique to PLZF (Fig. 1A, Fig. S4A ), whereas Sumo2 promoter binding was unique to SALL4 (Fig. 1B, Fig. S4A) , and yet both PLZF and SALL4 bound the Etv5 promoter (Fig. 1C, Fig. S4A ). Some PLZF (1301) and SALL4 (1699) binding sites exhibited partial overlap with the other factor (that is, a peak was observed in one or two of the biological replicates for the other factor, but not in zero or three) and thus were not considered either unique or shared (see lists of all PLZF and all SALL4 binding sites in Table S2 ). Pairwise comparison of ChIP peak height between PLZF and SALL4 demonstrated the specificity of PLZF unique and SALL4 unique binding sites (Fig. S5 ). ChIP-qPCR was used to evaluate enrichment of four randomly selected binding sites, namely Katnb1-129, 17000065J11Rik-1056 and Igf2bp3-5969, which were all bound by both PLZF and SALL4, and Ptcd3-312, which was bound by only PLZF (Fig. S2B,C) . As expected, we observed significant enrichment of genomic DNA (gDNA) for all four putative PLZF binding sites with PLZF ChIP (Fig. S2B) , compared with the negative control Untr6, and significant enrichment of Katnb1-129, 17000065J11Rik-1056 and Igf2bp3-5969 gDNA with SALL4 ChIP (Fig. S2C) , validating the ChIP-seq results.
To understand the relationship between putative binding sites and annotated genes, and thus predict PLZF and SALL4 regulatory targets, binding sites were assigned to 4176 and 2696 annotated mRNA, miRNA and lncRNA genes located within 10 kb (Fig. S6 , Table S2 ). We subsequently focused on genes that mapped to PLZF unique, SALL4 unique and shared sites (Fig. 1E) . Most binding sites mapped to within 10 kb of at least one annotated gene (PLZF unique, 92.1%, 1149 genes; SALL4 unique, 64 .3%, 515 genes; shared, 77.7%, 1295 genes; Table 1 , Fig. 1E ). However, a much larger proportion of SALL4 unique sites (35.7%) and shared binding sites (22.3%) were located >10 kb from any gene than were PLZF unique sites (7.9%) ( Table 1) . Conversely, more PLZF unique (365 sites, 55.5%) and shared (373 sites, 33.4%) binding sites were mapped to two or more annotated genes than SALL4 unique sites (88 sites, 13.0%) ( Table 1) . A small number of unique or shared binding sites (n=24) did not map to annotated mRNA or miRNA genes, but were within 10 kb of long intergenic non-coding RNA (lincRNA) genes (Table 1) .
PLZF and SALL4 binding sites were also positioned differently relative to nearby annotated genes. More than half (58.6%) of PLZF unique binding sites were located in the 5′ flanking regions of nearby genes [−10 kb to transcription start site (TSS)] and 41.9% were within the first 1 kb upstream of the TSS (Fig. 1F) . Similarly, more than half of shared binding sites (51.4%) occurred upstream of annotated genes and more than one-third were within the first 1 kb of 5′ flanking sequence (Fig. 1F) . Surprisingly, nearly half (46.5%) of SALL4 unique binding sites were located within introns of annotated genes and only one-quarter (26.7%) were upstream of TSSs (Fig. 1F) . Intron binding sites were more abundant among shared binding sites (16.9%) than among PLZF unique binding sites (5.6%).
PLZF and SALL4 binding motifs in undifferentiated spermatogonia
Motif analysis was subsequently performed to elaborate on which factor directs DNA binding at shared sites. MEME using the PLZF and SALL4 ChIP sequences defined motifs (Machanick and Bailey, 2011) , and an in silico enrichment test was performed to determine the relative abundance of each motif among PLZF unique, SALL4 unique and shared binding sites (Fig. 2) . As expected, the top five PLZF motifs were more significantly represented among PLZF unique sites than SALL4 unique sites, demonstrating specificity to PLZF ( Fig. 2A , Table S3 ). Among these, the top PLZF motif (5′-TCTCGCGAGA-3′) was similar to a motif identified previously for another ZBTB family member (Mikula et al., 2010) and was more significantly represented among PLZF unique and shared sites (P≤2.64×10
−24 and P≤1.87×10 −3 , respectively) than among SALL4 unique sites (P≤0.134). In comparison, a previously reported in vitro-selected PLZF motif [5′-A(T/G)(G/C)T(A/C)(A/C)AGT-3′ (Li et al., 1997) ] was not significantly represented among PLZF unique sites (P≤0.403; Table S3 ). The second and third PLZF motifs represent opposite strands of a consensus CCAAT-box element and were probably identified because PLZF binds promoter regions (Maity and de Crombrugghe, 1998; Mantovani, 1998) . and P≤3.27×10 −8 , respectively; Fig. 2A , Table S4 ). This binding motif is identical to the consensus binding site for Drosophila Doublesex protein and very similar to a motif derived from ChIPon-chip for the mouse ortholog DMRT1 (Erdman et al., 1996; Murphy et al., 2010) , suggesting DNA binding to these regions is not SALL4 autonomous. Four additional previously published SALL4 motifs identified in embryonic stem cells (ESCs) (Kim et al., 2008; Rao et al., 2010) were much less significantly represented among SALL4 unique binding sites (P≤1 to P≤6.48×10 −3 ) as compared with the top spermatogonia SALL4 motif (Table S4 ). This suggested that SALL4 largely does not bind independently via these previously identified ESC motifs in undifferentiated spermatogonia. The top PLZF motif (5′-TCTCGCGAGA-3′) was also enriched in PLZF unique binding Overlap between all PLZF (red) or SALL4 (blue) binding sites, including shared sites ( purple) and unique sites (outer crescents, no overlap with the other factor). Non-unique and shared sites exhibiting partial overlap are also noted (1301 PLZF and 1699 SALL4). (E) Annotated genes within 10 kb of PLZF unique (red), SALL4 unique (blue) or shared (green) binding sites. Overlap between groups is from some genes that are located within 10 kb of more than one binding site. (F) Binding site positions relative to annotated genes were categorized as: −10 kb to −1 kb 5′ to the TSS (distal promoter); −1 kb to TSS ( proximal promoter); 5′UTR; exon; intron; or downstream (transcription termination site +10 kb). The number of peaks (binding sites) falling into each category is indicated within the bars. For binding sites associated with multiple genes (Table 1) , all relative positions are reported.
sites found in promoter regions (−10 kb to −1 kb, P≤9.88×10
; −1 kb to TSS, P≤1.04×10
−29 ) and the top SALL4 motif (5′-ACAATGT-5′) was enriched in both SALL4 unique and shared binding sites located in introns (P≤6.25×10
−35 and P≤2.46×10 Tables S5 and S6) , following their broader binding preferences (Fig. 1F) . Importantly, though, these two binding motifs rarely appeared in the same shared sites (P≤0.16 to P≤0.99, depending on sequence context; Table S6 ).
PLZF motifs 4 and 5 and SALL4 motifs 2-5 were low-complexity sequences composed largely of polynucleotide tracts ( Fig. 2A , Table S4 ). PLZF-bound regions were relatively CG rich (∼55%), whereas SALL4-bound regions were more AT rich (∼65%) (Fig. S7) . Analysis of the top 20 most frequent nucleotide k-mers (k≤4 bases) revealed that SALL4-bound regions exhibited a much higher frequency of poly(A) than PLZF, which is likely to explain the discovery of the A-rich motif for SALL4 ( Fig. 2A, Fig. S7 ). To further explore the origin of these low-complexity motifs, we plotted the position of each motif relative to the center of the binding site (interval) sequences containing the motif. As expected, the top motif for PLZF and for SALL4 were most abundant at the center of the ChIP intervals, but the low-complexity motifs were widely distributed across the intervals (Fig. 2C ). These data are consistent with the interpretation that the low-complexity motifs represent local sequence features around the position of PLZF and/or SALL4 genome interaction.
SALL4 may physically interact with DMRT1 in undifferentiated spermatogonia
Co-immunoprecipitation (IP) studies were performed with THY1 + spermatogonial lysates to determine whether SALL4 and DMRT1 physically interact in undifferentiated spermatogonia (Fig. 2D ). IPs for SALL4 or DMRT1 demonstrated that each could be individually selected, but SALL4 IP eluates also contained protein that crossreacted with DMRT1 antibody by western blot at an average of 3.5-fold above IgG (Fig. 2D , P≤0.046) (Agbor et al., 2013) . The DMRT1 antibody recognized two bands of ∼41 kDa and ∼43 kDa, and the DMRT1 IP eluate was highly enriched for the slower migrating protein (mean 8.5-fold above IgG), as was the SALL4 IP eluate (Fig. 2D ). Whereas the SALL4 antibody precipitated both SALL4A (upper band) and SALL4B, neither isoform was detectable in DMRT1 IPs (Fig. 2D) . Together, these data suggest that SALL4 and DMRT1 may interact in undifferentiated spermatogonia and that this might account for DMRT1 binding sites observed with SALL4 ChIP.
PLZF/SALL4 binding is relevant to target gene expression
To validate the relevance of PLZF/SALL4 binding to putative target gene expression, we performed a series of siRNA-mediated knockdown studies to suppress PLZF or SALL4 in cultures of THY1 + spermatogonia (Oatley et al., 2009 ). This approach reduced PLZF and SALL4 protein levels to 21% and 53% of control levels, respectively (Fig. 3A) . Knockdown of PLZF led to significant reductions in mRNA levels for Fos, Uchl1 and Bcl6b, which are target genes bound robustly by PLZF in their promoter regions (Fig. 3B, Fig. S8 ). Likewise, knockdown of SALL4 led to significant reduction in Tlr3 mRNA levels, a target bound by SALL4 in its promoter region (Fig. 3C ), whereas mRNA levels for Egr4 were not significantly changed. Separate knockdowns for PLZF or SALL4 significantly suppressed mRNA levels of the shared target genes Etv5 and Foxo1 (Fig. 3C ), but no significant changes were observed for shared targets Lhx1 or Pou5f1 (Fig. S8 ). These data confirm that PLZF and SALL4 binding is relevant to the expression of these putative target genes as revealed by ChIP.
Pathways regulated by PLZF and SALL4 in undifferentiated spermatogonia
To better understand the biological roles for PLZF and SALL4 in undifferentiated spermatogonia, we performed gene ontology analysis on their bound gene repertoires. The top canonical pathway among genes bound only by PLZF was 'hereditary breast cancer signaling', while the top pathway for genes bound only by SALL4 was 'calcium-induced T lymphocyte apoptosis', and for shared genes it was the 'unfolded protein response' (Table S7) . Notably, genes involved in cell proliferation and differentiation were strongly represented among PLZF-bound genes, including those involved in oxidative phosphorylation and mitochondrial function, as well as EIF2 signaling (translational regulation), suggesting a role of PLZF in the control of spermatogonial differentiation (Table S7 ). Gene expression was among the top cell and molecular functions for both PLZF unique and shared genes ( Table S7 ), suggesting that PLZF initiates biological cascades by regulating the expression of transcriptional regulators. Long intergenic non-coding RNA, defined as a transcript located more than 10 kb from any annotated mRNA or miRNA gene. Inspection of the PLZF-bound and SALL4-bound gene lists revealed an abundance of genes involved in SSC self-renewal and differentiation, including Bcl6b, Etv5, Foxo1 and Lhx1 (Goertz et al., 2011; Oatley et al., , 2007 . Given that these genes were previously shown to be regulated by glial cell line-derived neurotrophic factor (GDNF), we compared the PLZF and SALL4 target gene lists with the 269 genes known to be GDNF responsive . Among these GDNF-responsive genes, 30 were bound by PLZF, 28 by SALL4 and 36 by both PLZF and SALL4 (Fig. 4A) , accounting for 35% of GDNF-responsive genes in THY1 + spermatogonia and a significant over-representation among the ChIP datasets (Fig. 4B) . To illustrate this regulatory network, we plotted the direct PLZF-bound and SALL4-bound GDNF-responsive genes with color coding indicating the direction of GDNF regulation (Fig. 4C) . Among the GDNF-responsive genes bound by PLZF and/or SALL4, six encode proteins (FOS, EGR2, FOXO1, ETV5, RET, TLR3) known to regulate another 32 GDNFresponsive genes (indirect targets, Fig. 4C ). PLZF and SALL4 bound to genes that were both upregulated and downregulated by GDNF signaling, suggesting that both factors might act as both transcriptional activators and repressors in a gene-specific manner, consistent with previous reports (Filipponi et al., 2007; Hobbs et al., 2010; Yang et al., 2012) .
PLZF-bound and SALL4-bound genes are differentially expressed between spermatogenic cell types To elucidate the likely direction of gene regulation by PLZF and SALL4 for the majority of target genes in undifferentiated spermatogonia, we examined existing gene expression microarray databases from THY1-selected postnatal day (P) 6 mouse testis cells (Oatley et al., 2009) . In these datasets, undifferentiated spermatogonia expressing PLZF and SALL4 from P6 testes are highly enriched in the THY1 + fraction and depleted from the THY1 − fraction (Gassei and Orwig, 2013; Oatley et al., 2009 ). Among bound genes, 29 PLZF unique (2.5%), 27 SALL4 unique (5.2%) and 49 shared (3.8%) were expressed at ≥2-fold higher levels in THY1 + cells, correlating with positive regulation by PLZF/SALL4 (Fig. 5A, Table S8 ). Likewise, 29 PLZF unique (2.5%), 25 SALL4 unique (4.9%) and 44 shared (3.4%) genes were expressed at ≥2-fold higher levels in THY1 − cells, correlating with negative regulation by PLZF/SALL4 (Fig. 5A, Table S8 ). A much larger proportion of bound genes were not differentially expressed between THY1 + and THY1
− cells (<2-fold change; 37.5-40%), suggesting that these genes are not robustly regulated by either PLZF or SALL4 (Fig. 5A, Table S8 ).
One possible explanation for this observation is that PLZF/ SALL4 might regulate genes that are differentially expressed later in spermatogenesis. To explore this possibility, we compared the list of PLZF/SALL4-bound genes that were not differentially expressed in THY1 + or THY1 − cells with the transcriptomes of isolated differentiating type A and type B spermatogonia (Shima et al., 2004) . We identified 101 PLZF unique (22%), 29 SALL4 unique (15%) and 122 shared (23.6%) genes that were differentially upregulated or downregulated (≥2-fold) in differentiating spermatogonia compared with THY1 + cells (Fig. 5B , Table S9 ). Thus, it is possible that PLZF and SALL4 in undifferentiated spermatogonia participate in repression/activation of a considerable cohort of genes that will become expressed/repressed later in spermatogenesis. ; mean±s.e.) for the indicated genes following knockdown of PLZF (red bars) or SALL4 (blue bars) relative to mRNA levels of non-targeting negative control siRNAs, including (B) Plzf and target genes Fos and Uchl1, (C) Sall4 and target genes Egr4 and Tlr3, and (D) shared target genes Etv5 and Lhx1. Data are from at least three replicate transfections. *P<0.05, **P<0.01 (Student's t-test). Plots of mRNA abundance for all genes examined after knockdown are shown in Fig. S8 .
Additionally, given that the assignment of binding peaks to genes was based solely on proximity (within 10 kb), it was possible that some of the binding site gene assignments do not reflect a bona fide regulatory relationship. Indeed, 826 binding sites (365 PLZF unique, 88 SALL4 unique, and 373 shared) were assigned to two or more nearby annotated genes (Table 1 , Fig. 5C-E) . For example, PLZF binds a region of chromosome 11qB3 near five annotated genes (Bcl6b, Mir497, 0610010K14Rik, Rnasek, Alox12; Fig. 5C ), yet among these five genes, only Bcl6b was ≥2-fold upregulated in the THY1 + population (Table S8) and Rnasek was upregulated in type B spermatogonia (Table S9 , Fig. 5C ). A SALL4 unique peak near the Ndufs7, Gamt and Dazap1 genes on chromosome 10qC1 is likely to target only Gamt, since this gene is differentially downregulated 5.2-fold in THY1
− cells (Fig. 5D , Table S8 ), and neither Ndufs7 nor Dazap1 is differentially expressed between THY1 + and other spermatogonia (Tables S8, S9 ). Further, a shared binding site located on chromosome 17qB1 near the Pou5f1, Tcf19, Cchcr1 and Psors1c2 genes might be relevant to regulation of Pou5f1 (upregulated in THY1 + ), Tcf19 and Cchcr1
(upregulated in type A and type B spermatogonia, respectively; Fig. 5E , Table S8 ). Thus, binding sites found among several genes might only regulate the expression of a subset. Additionally, individual binding sites might serve multiple functions (activation or repression) dependent on the target gene in question.
DISCUSSION
PLZF and SALL4 are two zinc-finger-containing transcription factors expressed by A single SSCs and A paired -A aligned chains of progenitor spermatogonia and are known to be required for normal SSC function and spermatogenesis (Buaas et al., 2004; Costoya et al., 2004; Gassei and Orwig, 2013; Hobbs et al., 2012 ). Yet, relatively little is known about how PLZF and SALL4 exert their regulatory influence in the testis. In this study we identified thousands of PLZF and SALL4 binding sites and hypothesized that this information would reveal likely gene regulatory programs crucial for controlling SSC function and spermatogenesis. The results support this hypothesis and reveal considerable numbers of unique and shared regulatory targets in undifferentiated spermatogonia. . The protein products of six PLZF/SALL4 direct target genes (FOS, EGR2, FOXO1, ETV5, RET and TLR3) are known to regulate 32 additional GDNF-responsive genes that are not directly bound by PLZF or SALL4 (indirect targets). Ellipse color reflects whether the GDNF-responsive genes are stimulated by GDNF (green) or inhibited by GDNF (red) and filled ellipses indicate genes that contain sites that are uniquely bound by PLZF or SALL4 or shared.
It is tempting to conclude that PLZF and SALL4 bind shared sites in the same cells at the same time, since they are largely coexpressed in undifferentiated spermatogonia. Results of our motif analyses support this conclusion. We typically observed either PLZF binding motifs or SALL4 binding motifs in shared binding sites, but a virtual absence of shared binding sites containing both motifs. This suggests that PLZF targets SALL4 binding (and vice versa) to a subset of shared binding sites in the same cells at the same time. These data are also consistent with previously characterized PLZF-SALL4 protein-protein interactions (Hobbs et al., 2012) . However, the concept that SALL4 recruits PLZF away from cognate PLZF binding sites (and vice versa) in order to relieve transcriptional repression of target genes does not match our observations that knockdown of either PLZF or SALL4 suppressed shared target gene mRNA levels (Etv5, Foxo1). Rather, our data support cooperative gene activation by PLZF and SALL4 of shared target genes (Fig. 6A) . Additional in-depth analyses of PLZF-SALL4 interaction at such genomic loci with temporal and singlecell resolution might help resolve these apparent discrepancies .
Prior to the present study, a surprising paucity of regulatory targets for PLZF and SALL4 had been reported. Among the best characterized putative PLZF targets is Kit, which encodes a type-III receptor tyrosine kinase required for spermatogonial differentiation (Besmer et al., 1993; Dym et al., 1995; Koshimizu et al., 1992 Zhang et al., 2011) . Previous studies demonstrated weak PLZF interaction with the Kit promoter by ChIP in enriched populations of mouse spermatogonia and the activation of Kit mRNA in Plzf mutants (Filipponi et al., 2007; Hobbs et al., 2012; Puszyk et al., 2013) , which led to the conclusion that PLZF directly represses Kit transcription. We detected a shared binding site in the first intron of Kit (active region 17206, Table S2 ), yet we did not find any evidence of PLZF binding to the Kit promoter in THY1 + spermatogonia. Another putative PLZF target, DNA-damageinducible transcript 4 (Ddit4; also known as Redd1) was identified in a study examining PLZF regulation of spermatogonial differentiation via mTORC1 (Hobbs et al., 2010) . In our study, PLZF bound the Ddit4 promoter at −175 bp in two of three samples of THY1 + spermatogonia, and thus failed to reach the threshold for repeatability. Similarly few putative SALL4 target genes have been defined previously in spermatogonia. One report suggested that SALL4 represses Sall1 transcription in undifferentiated spermatogonia (Hobbs et al., 2012 ), but we observed no repeatable interaction between SALL4 and the Sall1 promoter in THY1 + spermatogonia. A potential explanation for these apparently disparate results between the current study and previous reports could relate to differences in the cell populations examined (e.g. cultured versus freshly isolated). While caution may be warranted in extending observations from cultured spermatogonia to their biology in vivo, use of cultured spermatogonia in this study enabled the production of sufficient cells for ChIP-seq and the use of a highly purified cell population. Indeed, spermatogonia obtained directly from the testis for analysis typically include cell population impurities [see analysis in Lambrot et al. (2015) ].
The palindromic PLZF spermatogonial motif identified here (5′-TCTCGCGAGA-3′) is also bound by the three zinc-fingercontaining transcription factor KAISO (also known as ZBTB33). This sequence was previously observed in human heterogeneous nuclear ribonucleoprotein K (HNRNPK) and ADP-ribosylation factor 3 (ARF3) gene promoters and is known to be bound by KAISO (Haun et al., 1993; Mikula et al., 2010) . We found this same motif in a shared PLZF/SALL4 binding site in THY1 + spermatogonia in intron 1 of the mouse Hnrnpk gene and in a PLZF binding site in the promoter region of the mouse Arf3 gene (Table S2) . KAISO binds the central two CpG dinucleotides (underlined above) in a methylation-dependent manner to mediate both target gene repression and activation (Prokhortchouk et al., 2001; Ruzov et al., 2004; Yoon et al., 2003) . Although it seems likely that this palindromic motif is a bona fide spermatogonial PLZF binding sequence, additional studies will be required to expand on the potential for CpG methylation to influence PLZF binding and target gene expression in spermatogonia. . Prototypical targets are those involved in SSC self-renewal (Bcl6b, Etv5, Fos) and differentiation (Foxo1). SALL4 binding to introns might also be targeted by DMRT1 and promote the expression of genes involved in spermatogonial differentiation. (B) Passively, PLZF and SALL4 might also drive self-renewal and differentiation gene expression programs by repressing genes involved in the reciprocal cell fate. That is, as above, PLZF dimers (with and without SALL4) interact with gene promoters and SALL4 is targeted to introns by DMRT1. But in this case, the transcriptional effect is repression (red X) of both differentiation (top) and self-renewal (bottom) genes, blocking these fate pathways and leading to reciprocal passive increases in the opposing fate outcome (self-renewal, top; differentiation, bottom). Repression of later spermatogenic genes to prevent differentiation and passively enhance self-renewal would fit into this category. The extent to which these active and passive regulatory mechanisms, via PLZF alone, PLZF-SALL4 or SALL4-DMRT1 complexes occur simultaneously or separately is not known. Dimers are shown throughout, but the precise stoichiometry of DNA binding remains an open question.
A surprising result of our SALL4 ChIP is the general lack of evidence to support any considerable autonomous SALL4 genomic binding in undifferentiated spermatogonia. That is, we observed a paucity of known SALL4 motifs in SALL4-bound genomic regions in undifferentiated spermatogonia. Rather, SALL4-bound sites were predominantly either co-occupied by PLZF and contained PLZF binding motifs (5′-TCTCGCGAGA-3′) or contained the DMRT1 motif (5′-ACAATGT-3′) with and without PLZF co-occupancy. Since all three factors, DMRT1, PLZF and SALL4, are co-expressed by undifferentiated spermatogonia ) (data not shown), these results suggest that SALL4 interaction with the mouse spermatogonial genome is not autonomous but facilitated by other DNA-binding proteins. Co-immunoprecipitation of SALL4 and DMRT1 with SALL4 antibodies supports the possibility that these proteins interact, either directly or indirectly, at the protein level. However, this result must be interpreted with caution given that reciprocal IPs with a DMRT1 antibody did not pull down SALL4. Although this negative result could be due to steric inhibition, changes to DMRT1 structure, or direct competition for the site of interaction, it is also possible that there is no stable direct or indirect interaction between SALL4 and DMRT1. Future experiments will be necessary to confirm the potential SALL4-DMRT1 interaction and determine whether such interactions participate in activating genes involved in spermatogonial differentiation (Fig. 6A ) or in passively promoting differentiation by repressing self-renewal genes (Fig. 6B) (Lei et al., 2007; Matson et al., 2010) . Independently, PLZF might regulate cell fate by actively promoting the expression of renewal or differentiation genes (Fig. 6A) or, conversely, might act more passively to promote cell fate by suppressing the expression of fate-related genes (Fig. 6B) . So, PLZF may promote self-renewal by activating the expression of renewal genes or suppressing the transcription of differentiation genes. Similarly, PLZF-SALL4 interactions might promote self-renewal in two ways: by targeting SALL4 to PLZF-bound genes to promote the activation of genes involved in spermatogonial renewal (Fig. 6A) (Buaas et al., 2004; Costoya et al., 2004) or the suppression of differentiation genes ( passive, Fig. 6B ). For example, we identified a cohort of GDNFresponsive genes that might be regulatory targets of PLZF and/or SALL4. Since neither Plzf nor Sall4 is itself transcriptionally responsive to GDNF , these data raise the intriguing possibility that PLZF and SALL4 are direct signaling mediators of GDNF signaling in undifferentiated spermatogonia.
In summary, this study identified the complete binding repertoires for two key transcription factors, PLZF and SALL4, in undifferentiated spermatogonia. These data provide fundamental insights into the potential modes by which each factor regulates target genes and the biological functions of their regulatory networks that lead to SSC self-renewal or differentiation, and are ultimately required for normal spermatogenesis and male fertility. These data also underscore the apparent complexity of PLZF and SALL4 interactions (Fig. 6) , which might tailor their regulatory control over the fate of undifferentiated spermatogonia, including SSCs. These results will serve as a resource to the field to elucidate the molecular mechanisms controlling the earliest cell fate decisions in spermatogenesis.
MATERIALS AND METHODS
Animals and THY1
+ spermatogonia cultures
All animal procedures were approved by the University of Texas at San Antonio Institutional Animal Care and Use Committee and were performed according to the NIH Guide for the Care and Use of Laboratory Animals. DBA/2 mice from The Jackson Laboratory were bred to produce male pups. Testes from 6-to 8-day-old pups were used to produce testis cell suspensions that were enriched for SSCs by THY1 selection, and cultured on mitomycin C-treated SNL76/7 feeders in a defined serum-free medium containing GDNF and FGF2, as described ( Fig. S1 ) (Benavides-Garcia et al., 2015; Kanatsu-Shinohara et al., 2003; Nagano et al., 2003; Ogawa et al., 1997) . There are no apparent differences in THY1 + spermatogonial cultures over the first 6 months [i.e. before passage 26 , and thus cultures between passages 5 and 20 (considered equivalent) were used for the various experiments in this study.
Indirect immunofluorescence
Cultured THY1 + spermatogonia were stained for PLZF and SALL4 as described (Hermann et al., 2009) . PLZF (goat anti-PLZF, AF2944, R&D Systems; 1 µg/ml) or SALL4 (rabbit anti-SALL4, ab29112, Abcam; 2 µg/ml) antibodies were detected by indirect immunofluorescence with donkey anti-goat Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor 488 secondary antibodies (A-11055 and A-21206, Life Technologies; 10 µg/ml) and counterstained with 1 μg/ml Hoechst 33342. Validation of positive immunoreactivity was confirmed by omission of the primary antibody. Images were acquired on an AxioVert CFL microscope (Zeiss) using an AxioCam MRc5 (Zeiss).
ChIP-seq
Chromatin from three independent biological preparations of THY1 + spermatogonia (each line was generated independently from multiple pups from one or more P6-P8 mouse litters) was used for ChIP essentially as described previously (Hermann et al., 2008; Hermann and Heckert, 2005) . Briefly, THY1
+ spermatogonia (without further purification) were fixed by addition of 1% (v/v) formaldehyde to the culture medium at room temperature for 15 min and fixation was quenched by addition of excess glycine (to 125 mM). Cells were scraped, pelleted and washed twice with Dulbecco's phosphate-buffered saline (DPBS) plus 0.5% IGEPAL. Cell pellets were suspended in lysis buffer (10 mM EDTA, 50 mM Tris pH 8.1, 1% SDS, 1× protease inhibitor cocktail) and disrupted with a Dounce homogenizer. Chromatin was sheared by sonication (average 300-500 bp) and quantified by spectrophotometry. An aliquot of chromatin (input) was treated with RNase A, proteinase K and heated to reverse the crosslinks, and then isolated by ethanol precipitation. Aliquots of chromatin (30 µg) were precleared with Protein A-or Protein G-agarose beads (Invitrogen) and then incubated with 5 μg of antibodies for PLZF (goat anti-PLZF, sc-11146, Santa Cruz Biotechnology), RNA polymerase II (mouse anti-Pol II CTD phospho-Ser2, 61083, Active Motif ) or SALL4 (rabbit anti-SALL4, ab29112, Abcam) at 4°C overnight. Protein A-or Protein G-agarose beads were then used to isolate immune complexes from SALL4 and PLZF/ Pol II IPs, respectively, and then washed, eluted with SDS buffer, and treated with both RNase A and proteinase K. Following overnight incubation at 65°C to reverse crosslinks, ChIP DNA was purified by phenol-chloroform extraction and ethanol precipitation. To confirm chromatin quality prior to next-generation sequencing, ChIP qPCR was performed for RNA Pol II CTD phospho-Ser2 in triplicate reactions with primers against intronic regions of Actb (+1831) and Gapdh (+2089) using SYBR Green Supermix (Bio-Rad) (Fig. S2A) . qPCR signals were normalized to those obtained from input DNA and calculated as copies of DNA detected per 1000 genome equivalents of input DNA (1000 cells). A genomic region located in a gene desert on chromosome 6 (Untr6) served as a negative control, as described (Franco et al., 2012) .
For next-generation sequencing, ChIP and input samples were prepared for amplification by converting overhangs into phosphorylated blunt ends, 3′ adenylation, ligation of Illumina adaptors and library size selection (175-225 bp) on an agarose gel. Adaptor-ligated libraries were then amplified for 18 cycles and the resulting DNAs were purified, quantified, and tested by qPCR to assess the quality of amplification reactions. Amplified DNA libraries were subjected to Illumina sequencing with Genome Analyzer II or HiSeq2000 instruments. Resulting reads were aligned to mouse genome (mm9) using ELAND (Illumina), sequence alignments (35 bases) were then 3′ extended in silico to a length of 110 bp and assigned to 32 bp bins along the genome, and peaks were called using the model-based analysis of ChIPseq (MACS) algorithm (Zhang et al., 2008) with default parameters (P≤10 −10 ), except that the genome length was specified with the '−g mm' option for mouse (1.87e9).
PLZF and SALL4 binding sites were further analyzed using Genpathway proprietary software (Active Motif ) that provides comprehensive information on genomic annotation, peak metrics, and sample comparisons for all binding regions. To compare peak metrics between two or more samples, overlapping binding sites were grouped into 'active regions', which were defined as the union of overlapping binding sites from multiple biological replicates. All downstream analyses of the Chip-seq data were focused on active regions that were present in all three replicates, except where noted otherwise. Mapping genome features was performed with bedtools (Quinlan and Hall, 2010) using the mm9 annotation from the UCSC genome browser. Raw and processed data were submitted to NIH Gene Expression Omnibus (GEO) and Sequence Read Archive (SRA) databases under accession number GSE73390.
To validate the ChIP-seq results, four peaks (Katnb-129, 17000065J11Rik-1056, Igf2bp3-5969 and Ptcd3-312) were evaluated using ChIP qPCR using primers specific for putative PLZF-bound and SALL4-bound genomic regions (Table S10 ) and compared with enrichment at the negative control Untr6 genomic region as described above for Pol II ChIP (Fig. S2B,C) .
Gene ontology analysis
Lists of genes bound by PLZF, SALL4 or both, as well as those unique to PLZF or SALL4 were analyzed by Ingenuity pathway analysis (Qiagen, build 366632M, content version 26127183, 1/2016). For comparison with GDNF-responsive genes, we used the list of genes previously shown to be significantly upregulated or downregulated following GDNF withdrawal and add-back to THY1 + spermatogonia culture medium .
PLZF and SALL4 binding motif identification
Binding motifs for PLZF and SALL4 among the ChIP-seq datasets were determined using MEME (Machanick and Bailey, 2011) . To ensure highquality motif results, the binding sites in the replicated samples were pooled together, subjected to Repeat Masker, and all remaining sequences were evaluated (numbers of binding sequences for each MAST comparison can be found in Tables S3-S6 ). Genomic segments (200 bp) spanning the peak summit (the nucleotide position with the highest fragment density) of each putative binding site were used as input sequences for MEME. Command-line options of MEME included: minimum motif length, 6; maximum length, 12; minimum number of bindings, 10. To verify motif quality and perform motif enrichment analysis, the top motifs identified from PLZF and SALL4 binding sites by MEME were used to scan various genomic regions of interest (e.g. PLZFbound regions that overlap with proximal promoters) and the corresponding random control sequences using MAST (Machanick and Bailey, 2011) . Random control sequences (negative set) for a particular group of sequences (positive set) were generated by a first-order Markov model with the same dinucleotide frequency and sequence length distribution as the positive sequences. Statistical significance (P-value) of motif over-representation in a positive sequence group was calculated using Fisher's exact test:
where M is the total number of positive and negative sequences, K the number of positive sequences, P the number of positive and negative sequences containing the motif, and TP the number of positive sequences containing the motif. To perform the MAST validation using previously published motifs reported as position-specific weight matrices (PSWMs), the PSWMs were converted to position-specific scoring matrices (PSSMs) using the equation:
where S ij (W ij ) represents the score (probability) for observing nucleotide i in the j-th position of a putative binding site, P i the background frequency of nucleotide i in the genome, and L the length of the motif.
SALL4 and DMRT1 co-immunoprecipitation
Lysates from THY1 + spermatogonia were used for IP experiments essentially as described (Elion, 2006) . Briefly, 500 μg fresh lysate was incubated with 1 μg SALL4 IgG (rabbit anti-SALL4, ab29112, Abcam), DMRT1 IgG [rabbit anti-DMRT1 (Agbor et al., 2013) ] or control rabbit IgG (ab37415, Abcam) at 4°C, followed by precipitation with Protein A-agarose beads (Millipore), and resolution of eluates by PAGE (10%) under denaturing SDS (DMRT1) or denaturing SDS and reducing (SALL4) conditions. Western blots were performed on nitrocellulose, and SALL4 or DMRT1 were detected with the same antibodies used for IP and horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit HRP, 0.04 µg/ml, sc-2054, Santa Cruz Biotechnology) and chemiluminescence (SuperSignal West Pico, Pierce). Molecular weight standards were the PageRuler Plus Prestained Protein Ladder (Life Technologies). Band intensities from three independent IP experiments were determined by densitometry using NIH ImageJ and the significance of differences was determined by Student's t-test.
PLZF and SALL4 knockdown by siRNA transfection
Knockdown of PLZF and SALL4 in cultured THY1
+ spermatogonia was performed using siRNA transfection, as described with minor modifications . Briefly, On-TARGETplus siRNA SMARTpools (GE Life Sciences Dharmacon) against mouse Sall4 (L-051702-01-0005), mouse Plzf (Zbtb16; L-040219-01-0005) or On-TARGETplus nontargeting siRNA pool (D-001810-10-05) were gently mixed with OptiMEM (Invitrogen) at 300 pmol siRNA per 10 6 cells transfected. RNAiMax transfection reagent (Invitrogen) was combined at 2% (v/v) with OptiMEM and equal volumes of the siRNA. Transfection reagent mixtures were then combined and incubated for 15 min at room temperature to form transfection complexes, added drop-wise to mechanically disrupted THY1 + spermatogonia on the day of passage, and plated in growth medium (OptiMEM base) on feeders. Medium was replaced after 18 h and THY1 + spermatogonia were subsequently collected by mechanical disruption 48 h post-transfection.
Target gene expression analysis by qRT-PCR
Cell pellets from 2.5×10 5 siRNA-treated THY1 + spermatogonia were washed with DPBS and total RNA was isolated using Trizol reagent (Invitrogen) following the manufacturer's recommendations and Phase Lock Gel tubes (5 Prime). RNA was DNase treated using the Turbo DNAFree Kit (Ambion) and quantified by nanodrop spectrophotometry. Complementary DNA was synthesized from 1 μg RNA as described (Hermann et al., 2007) using SuperScript III reverse transcriptase (Life Technologies) and oligo(dT) 18 priming, and resulting cDNAs were used in qPCR reactions. Primers for qPCR were validated for 90-100% efficiency (Table S10 ) and reactions were carried out in triplicate for each sample and primer set using Power SYBR Green PCR Master Mix (Applied Biosystems), 12.5 ng cDNA per reaction, and 250 nM primers on a 7300 Real-Time PCR System (Applied Biosystems). For Uchl1, a TaqMan gene expression assay (Mm00495900_m1) was used with TaqMan Universal PCR Master Mix. The relative mRNA abundance for each gene of interest was calculated using the ΔΔCt method, where Actb cDNA amplification was used for normalization to determine the fold-change value (2 −ΔΔCt ), and the significance of differences between control and knockdown samples was determined using Student's t-tests.
Confirmation of PLZF and SALL4 knockdown by western blot
Cell lysates were generated from 8×10 5 siRNA-treated THY1 + spermatogonia using RIPA buffer. Lysates (30 μg) were resolved by SDS-PAGE, transferred to nitrocellulose membrane, blocked in 5% Blotto (Santa Cruz Biotechnology), probed with primary antibodies for ACTB (mouse anti-ACTB, A1978, Sigma-Aldrich) and either PLZF (goat anti-PLZF, AF2944, R&D Systems) or SALL4 (same as IP), and detected with horseradish peroxidase-conjugated secondary antibodies (for PLZF, donkey anti-goat HRP; for SALL4, goat anti-rabbit HRP; for β-actin, goat anti-mouse-HRP; all from Santa Cruz Biotechnology) and chemiluminescence as noted above.
ChIP-seq dataset comparisons with transcriptomes
Existing gene expression microarray data were obtained from the NIH GEO database and used for comparison with the PLZF and SALL4 ChIP-seq datasets: SSC-enriched THY1 + and SSC-depleted THY1 − fractions of P6 mouse testes [GSE14222 (Oatley et al., 2009) ] and STAPUT-isolated differentiating type A and type B spermatogonia [GSE4193 (Shima et al., 2004) ]. To enable intra-and inter-dataset comparison, data from both studies were evaluated using GeneSpring GX 13.0 (Agilent, build 211261). Raw intensity values were cross-normalized using quantile normalization without baseline transformation and using the robust multichip averaging (RMA) probe summarization algorithm (see Fig. S9 ). Gene-level expression analysis was then performed by merging probe signals according to the Entrez gene ID, genes with a normalized expression value above the 20th percentile in any one sample were retained and values from biological replicates were averaged. To determine differential gene expression, we performed one-way ANOVA with a corrected P-value cutoff of 0.05 (asymptotic computation) using a Benjamini and Hochberg false discovery rate multiple testing correction and Tukey's honestly significant difference test to identify genes with significant differential expression, as described previously (Cooper et al., 2014; Roy et al., 2010) . Genes were considered differentially expressed when the fold-change was ≥2 and were then grouped into the following categories: ≥2-fold upregulated in THY1 + ; ≥2-fold downregulated in THY1 + ; no change in expression (≤2-fold change between THY1 + and THY1 − ); or not expressed. The resulting lists were compared with the ChIP-seq datasets. Putative PLZF and SALL4 target genes that were not differentially expressed in the THY1 + and THY1 − transcriptomes were then compared with the differentiating type A and type B spermatogonia transcriptomes.
